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Biosensor detection of airborne respiratory viruses
such as SARS-CoV-2
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Abstract. Airborne SARS-CoV-2 transmission represents a significant route for possible human
infection that is not yet fully understood. Viruses in droplets and aerosols are difficult to detect
because they are typically present in low amounts. In addition, the current techniques used, such
as RT-PCR and virus culturing, require large amounts of time to get results. Biosensor
technology can provide rapid, handheld, and point-of-care systems that can identify virus
presence quickly and accurately. This paper reviews the background of airborne virus
transmission and the characteristics of SARS-CoV/-2, its relative risk for transmission even at
distances greater than the currently suggested 6 feet (or 2 m) physical distancing. Publications on
biosensor technology that may be applied to the detection of airborne SARS-CoV-2 and other
respiratory viruses are also summarized. Based on the current research we believe that there is a
pressing need for continued research into handheld and rapid methods for sensitive collection
and detection of airborne viruses. \We propose a paper-based microfluidic chip and
immunofluorescence assay as one method that could be investigated as a low-cost and portable
option.

Keywords: COVID-19, aerosol, droplet, air sampling, point-of-care.

Background

The world is facing a new public health crisis in the emergence and spread of the
coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). The virus likely originated in bats and was transmitted to humans through a
still unknown intermediary vehicle®. Research continues to reveal that in addition to transmission
through droplets, like many other respiratory viruses, inhalation of fine aerosols (< 5 pm in
diameter) with sufficient viral load can lead to infection of susceptible individuals. Many
individuals infected with SARS-CoV-2 are asymptomatic, and studies have shown that there can
be no difference in viral burden between symptomatic and asymptomatic patients?.
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Since 2015 and the publication of our last review on biosensors for monitoring airborne
pathogens®, there have been multiple advances in developing biosensors for detection of
respiratory viruses. The COVID-19 pandemic poses a new challenge due to its high rate of
contagion, mortality, and impact on not only healthcare systems, but also economics and policy.
Great strides have been made to rapidly develop new tests and biosensors for detecting SARS-
CoV-2 in complex mediums like saliva and nasal secretions; however, there are few available
tests or products for detecting airborne SARS-CoV-2 (we found one portable PCR product
advertised for airborne SARS-CoV-2 detection®). Such a biosensor would help tremendously in
both clinical settings and public settings like restaurants and stores. Research has revealed that
early protocols for the physical distancing of 6 feet (or 2 m) may not be sufficient for preventing
the airborne spread of SARS-CoV-2>". Airborne respiratory virus biosensors could lead to a
paradigm shift in both early detection and prevention of worldwide pandemics. As discussed in
our review article published in 2015 on airborne detection, biosensors have been traditionally
used to detect specific or nonspecific biological analytes either directly or indirectly using a
variety of evolving methods®. Biosensors continue to improve, becoming portable, specific,
sensitive, and easy to use. The limiting factor for airborne virus biosensors continues to be the
low concentration of the target virus in the environmental sample. This review focuses on
collecting recent research published since 2015 about biosensors for airborne pathogen detection.
Our objective for this review is to provide a resource for developing biosensors for detecting
respiratory viruses, such as SARS-CoV-2.

New species of human viruses are appearing at a rate of three or four per year®. Novel
strains of the SARS-CoV-2 continue to be identified with origins around the world with varying
degrees of infectivity and severity of infection®. These novel strains arose due to the large
number of cases worldwide, therefore early detection of a novel respiratory virus is paramount to
preventing pandemics. As mentioned earlier, few efforts have been successful in detecting
airborne respiratory viruses like SARS-CoV-2 from environmental samples. Here we examine
the state of biosensors for airborne respiratory viruses with case-studies and examination of
current laboratory-based methods.

Aerosols, Droplets, and Collection/Detection
Methods

Aerosols and Droplets

The World Health Organization (WHO) defines airborne transmission as, “the spread of
an infectious agent caused by the dissemination of droplet nuclei (aerosols evaporated from
larger droplets) that remain infectious when suspended in air over long distances and time”™
(Figure 1). Respiratory secretions can be aerosolized through daily activities like exhaling,
talking, coughing, and sneezing, as well as medical procedures including tracheal intubation,
bronchoscopy, and tracheotomy***?. Medical procedures that produce aerosols place healthcare
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providers at heightened risk when treating patients that may be infected with COVID-19. These
procedures include endonasal and transsphenoidal procedures. The scientific community has
been discussing the possibility of SARS-CoV-2 spread through aerosols outside of aerosol
generating procedures. Current theories and studies of physics surrounding exhalation have
generated hypotheses that 1) respiratory droplets generate microscopic aerosols less than 5 um in
diameter, and 2) normal breathing and talking results in the generation of aerosols*. Infection
via aerosol inhalation would require a sufficient quantity of virus present in the aerosol, however,
the proportion of exhaled droplet nuclei that generate aerosols and the infectious dose required to
cause infection in another person are not known.

Aerosol Generation Aerosol Transmission Precaution and Control
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Figure 1. Aerosol/droplet generation, their transmission, and the precaution/control measures.
Reprinted from ref. 11 with CC BY license, (c) 2020 Tang et al.

After initial aerosolization, virus particles can deposit on surfaces and aggregate into
larger droplets. The virus can remain viable on surfaces for days in favorable atmospheric
conditions but are destroyed in less than a minute by common disinfectants like sodium
hypochlorite, hydrogen peroxide, etc.****. This deposited material can be re-aerosolized by
human activities (e.g., walking, cleaning, removing PPE, and door opening)™®. In clinical
reports of healthcare workers exposed to COVID-19 cases in the absence of aerosol-generating
procedures, there were no nosocomial infections, also known as hospital acquired infections
(HAISs), found when contact and droplet precautions were properly employed. These precautions
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included the wearing of medical masks as a component of PPE (personal protective equipment)
(Figure 1).

Typical airborne SARS-CoV-2 concentrations have been measured in different hospital
locations ranging from 1 to 42 copies m™ depending on the location and conditions of
sampling’. Liu et al. found that the highest range of airborne viruses was from restrooms with
toilets and the Protective Apparel Removal Rooms; however, this was then reduced to negative
test results with increased sanitization processes and reduced medical staff'’. Contrary to the
initial speculation that aerosol transmission of SARS-CoV-2 is unlikely, further studies have
detected airborne samples, as discussed in the next section. Outside of medical settings, there
have been reports of outbreaks in crowded indoor spaces, where sufficient physical distancing
and lack of ventilation over a prolonged period could exacerbate aerosol and droplet
transmission. Table 1 summarizes the possible transmission routes of respiratory viruses.

Table 1. Characteristics of airborne particles.

Transmission mode | Diameter*® Travel time?® Travel distance®®

Droplet >5um Varies dependingon | Uptolm
ambient conditions

Droplet nuclei or <5um Dozens of minutes- |>1m

aerosol Hours

Contact or surface Varies N/A N/A

transmission

The detection of airborne viruses is largely like the processes used for non-bioaerosol
sampling. This is thoroughly discussed by Hinds?, and the three key stages for bioaerosol
sampling are described and compared to those used for non-bioaerosols (Figure 2). Air sampling
is affected by the condition of the indoor environment and the placement of the sampler.
Depending on any air-conditioning present, and the level of ventilation, the viability of the virus
and the movement it takes throughout the room will vary. Based on these factors, it is important
to place the air sampler in an area that will receive the highest probability of interacting with the
bioaerosols. After air sampling, the droplets or aerosols are collected through impaction or
deposition onto a chosen media for later detection of target microorganism and/or evaluation of
concentration.
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Figure 2. The typical process for bioaerosol detection goes in three steps. (1) Sampling, which is
measured in flow volume (L/min). (2) Collection, which is measured by collection efficiency. (3)
Detection method, including (left to right) RT-PCR, virus culturing, microfluidics, and more.
Detection method successfulness is based on the sensitivity, specificity, and limit of detection
(LOD). Schematic was made using BioRender.com.

Sample Collection Technigues

Slit impactors impact particles directly onto a medium®. For virus particles, a cell or
tissue culture media would be used®®. Many impactors also use cutoff diameters to specify
certain particle sizes. A cutoff size of 2 pum would result in 50% of particles collected being 2 um
in size®. Certain techniques are designed to prevent overloading of particles in single areas.
Overloading makes identification of target particles difficult and typically leads to
underestimation or nonspecific identification. Due to the shear forces caused by high-flow
samplers, virus viability may also become an issue during the impaction process?*?. Low-flow
samplers can be used to maintain virus viability, but will decrease the collection efficiency.
Other types of impactors worth noting are those used to collect pollen, where culture is not an
option. One type, the Rotorod sampler?®?, directly impacts pollen onto adhesive-coated
polystyrene-rods. This could be an interesting alternative to explore for virus collection, as we
did not find any articles taking this particular approach.

Impingers are similar to impactors except the jet portion is submerged in a liquid,
typically water or alcohol®. Liquid collection prevents any desiccation of airborne virus samples,
however again the shear forces in the turbulent liquid can result in loss of viability. Depending
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on the cutoff level of the impinger, the loss of viability can be decreased (lower cutoff = larger
loss of viability). Typically, the water from the impingers is then used for culturing.

A centrifugal sampler uses rotation to pull particles in?’. They typically achieve sample
flow rates of 40 to 50 L/min. Respirable sampling and inhalable particle sampling are especially
useful for larger particles, which can become platforms for viral particle transmission®.

Detection Techniques

The third stage, microorganism detection from the collected sample, is the key difference
between bio- and non-bioaerosol detection. This is also one of the key components required for
accurate SARS-CoV-2 detection. After particle collection, there needs to be (a) confirmation of
specificity (i.e., whether we measure our target particle or not), and (b) quantification of the
virus. For binary assays, it is possible that you would not need to determine exact amounts of
virus. Some of the collection methods assume that the virus will be grown on a cell culture
medium which requires time and attention to achieve accurate results. Culturing is also difficult
because it requires viable virus samples, which is often difficult to achieve with the high-flow
samplers. In addition, there are possibilities of underestimation or non-specificity if
oversampling has occurred®. Some viruses are not easily cultured, especially from low
concentrations that you would find from bioaerosol samples.

Membrane filters, also potentially including microfluidic platforms, are often used for
bioaerosol collection in highly contaminated environments?>#*%, The particles can be directly
examined from the filter using an optical microscope or can be cultured by placing the filter on a
culture medium. Although there are no intense shear forces present like in the previous methods,
the filtration method does still cause significant desiccation and loss of viability.

Nucleic acid amplification methods, such as real-time quantitative polymerase chain
reaction (RT-gPCR) or loop-mediated isothermal amplification (LAMP), are often the chosen
technique for virus detection due to high sensitivity, specificity, and ability to amplify small
concentrations of the sample®*®?’. These methods are useful for airborne virus detection because
they can handle low concentrations. Despite the many advantages of nucleic acid detection
methods, these require multiple hours, expensive equipment, and extensive training to perform.
An alternative approach is antigen-antibody binding assay, such as lateral flow assay (LFA) and
sandwich immunoassay, which uses prepared antibodies and reporter probes (gold nanoparticles,
fluorescent particles, etc.)®. These methods are typically low-cost, rapid, and much easier to
perform. Like nucleic acid amplification, this method does not require viable virus particles for
accurate detection. Commercial kits with point-of-care diagnostic capabilities will often use
immunoassays for on-site results. Some disadvantages to immunoassays are false positives, the
hook effect, and difficulty maintaining specificity when using complex samples. Finally, some
other methods, such as surface-enhanced Raman spectroscopy (SERS) or surface plasmon
resonance (SPR), can detect target virus particles using optical properties, often enhanced by
using antibodies®,
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Respiratory Viruses

Influenza viruses are among the most common and infectious respiratory viruses
worldwide and are spread easily through coughing, sneezing, and even quiet breathing, as they
form both large droplets and small aerosols®®. SARS-CoV-2 has proven to be one of the deadliest
and contagious respiratory viruses to affect the world recently. Contracting COVID-19 can cause
symptoms including but not limited to fever, cough, sore throat, loss of smell, headache, and
body aches®. Severe infection and fatalities occur more frequently in individuals with underlying
medical conditions, called co-morbidities.

Viral respiratory infections arise when a virus infects the cells of the respiratory mucosa
via exposure through inhalation of virus particles or direct contact with the mucosal surface of
the nose or eyes (Figure 3)*%%,

Rhinoviruses
Human coronaviruses

UPPER & Adenoviruses
RESPIRATORY % - Parainfluenza viruses
TRACT i Human metapneumovirus
e Influenza viruses
LOWER Parainfluenza viruses
RESPIRATORY Influenza viruses
TRACT

Influenza viruses
Parainfluenza viruses

Human metapneumovirus

Bronchiolitis RSV

Influenza viruses
eumonia SARS

SARS-CoV-2

Figure 3. Schematic illustration of the human respiratory tract, indicating the clinical
presentations associated with different respiratory viruses that infect the parts of the upper and
lower respiratory tracts. Reprinted from Subbarao et al. ref. 28 with permission, (c) 2020
Elsevier.

Viruses take advantage of the existing machinery of cells to replicate. The basic structure
of a virus is composed of genome (DNA or RNA), protein capsid, and in some cases a lipid
envelope covering the capsid®. In viral respiratory infections, the human body possesses
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physical barriers in the form of epithelial cells and mucus alongside alveolar macrophages in the
lungs®. These barriers aid and supplement the immune response of the host body. Despite these
protections, viruses can mutate and become more infectious by evading the immune system and
aggravating the clinical condition of the host. SARS-CoV-2 and other respiratory viruses like
severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome
coronavirus (MERS-CoV), respiratory syncytial virus (RSV), and influenza A/HIN1 (Table 2)
are RNA based, leading to a higher rate of mutation®*. Both SARS-CoV and SARS-CoV-2 have
similar core sizes of about 100 nm and an average spike size of 23 nm>!. The lower fidelity of
RNA polymerase results in more nucleotide errors during the replication of the virus genome.

Table 2. Respiratory viruses and their dimensions.

Virus Diameter

SARS-CoV-1 82-94 nm*

SARS-CoV-2 60-140 nm**>°

Murine hepatitis virus (MHV) 85 nm™®

MERS-CoV 100 nm*’

Influenza A/HIN1 80-120 nm (0.08-0.12 um)*®
RSV 150-250 nm (0.15-0.25 pm)**%

SARS-CoV-2 Airborne Transmission

SARS-CoV-2 is an enveloped virus with 0.1 um in diameter (Table 2) and can be
transmitted in larger droplets (> 5 pm) and smaller ones (< 5 um) (Table 1). These smaller
droplets are aerosols, including droplet nuclei that are evaporated from larger droplets.
Transmission of some viruses, like measles, has been demonstrated via aerosols®. In a modelling
report on the physics of SARS-CoV-2 transmission via aerosol and droplet dispersion, airborne
transmission is defined as any pathogen that can be transmitted via air as: aerosols, droplets, or
dust*’. Any droplet with a diameter greater than 0.1 um (typical diameter of viruses; Table 2)
suspended in the air that is inhaled by a susceptible individual has the potential to carry a viral
vector and result in infection. Despite this potential risk, Lee estimated that the minimum size of
respiratory particle required to maintain the mass of a SARS-CoV-2 virus particle depends on the
percentage of respiratory fluid. For example the absolute minimum size would be 0.09 pm,
corresponding to the size of a single virion, but if only 10% of the respiratory fluid is occupied
by SARS-CoV-2 then the minimum respiratory particle size would be 42 pm?. This suggests
that only the largest aerosol particles may pose a risk for virus transmission. However, Liu et al.
measured airborne SARS-CoV-2 in Wuhan hospitals and found that peak airborne SARS-CoV-2
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concentrations were measured in the count of 40 and 9 copies m™ in 0.25-0.5 pm and 0.5-1.0 pm
ranges respectively, and at 7-9 copies m™ in the supermicron size distribution®’.

Presently, airborne transmission is not well understood for any virus, including SARS-
CoV-2. There is little known about the relationship between aerosol particle size range versus the
number of infectious viruses within a given particle. Evidence for airborne transmission of
SARS-CoV-2 continues to be reported; however, many cases lack confirming studies and
supplemental data. Studies surrounding the size distribution of SARS-CoV-2 droplets generated
by breathing, speaking, coughing, and sneezing report varying results, with particle sampling
being the main contributor to variation.

The main gaps in research surrounding airborne transmission of SARS-CoV-2 include:
(1) the role of coughing, speaking, and breathing in the formation of aerosols and droplets, (2)
travel distance and time of airborne particles, and (3) risk analysis for common indoor scenarios
like restaurants, apartments, etc. and the contribution of ventilation and air conditioning to
airborne spread.

Chia et al. reported SARS-CoV-2 RNA in aerosol particles of 1-4 pym and > 4 pm from
air samples collected from two different ICU isolation rooms in Singapore*2. Another case study
from Seoul, South Korea found evidence pointing strongly at aerosol transmission of COVID-19
as the main contributor to an isolated outbreak in an apartment building®. The infections in the
apartment were found along two vertical lines (Figure 4) in the building, wherein the rooms
along each vertical line were connected via a natural ventilation shaft. In total, there were 10
positive cases of COVID-19 in the building out of 437 residents from 267 households. 8 of the
positive cases were connected via units along the same vertical shaft, and the remaining two
were connected via a separate vertical shaft. Investigation into the backgrounds of infected
residents yielded no relationships or history of interpersonal contact. Droplet infection via
surfaces like elevators and railings is still possible, but from this work it is reasonable to consider
aerosol transmission through the ventilation shafts as a potential route. This study, like others, is
limited by the lack of sample collection and confirmation of airborne SARS-CoV-2.

A recent study found that SARS-CoV-2 can remain infective in aerosols < 5 pum for 3
hours and 72 hours on surfaces under laboratory conditions*. In addition, several studies
referenced by the WHO™ found that experimentally created airborne SARS-CoV-2 could remain
within aerosols from up to 3 hours* or 16 hours*.
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Figure 4. Structure of the apartment building where the infection outbreaks occurred in two

vertical lines. (A) Confirmed units. (B) Characteristics of the unit plan. Reprinted from Hwang et
al. ref. 43 with permission, (c) 2021 Elsevier.

A recent study found that in short-range contact (< 2 m or 6 ft) that airborne transmission
route dominates at most distances compared to large droplet transmission*>*¢. The airborne
transmission route typically refers to the aerosols (< 5 um) that are inhaled, leading to infection.
Because this transmission route dominates at most distances and appears to travel farther than
large droplets, there are significant implications about acceptable physical distancing in indoor
settings. If it is shown that a viable SARS-CoV-2 virus can be carried in sufficient loads via
aerosols, the:2 m (or 6 ft) distancing may not be effective in preventing the spread of the virus®.
Additionally, PPE that does not filter out smaller particles may prove ineffective in protecting
against airborne transmission when physical distancing cannot be maintained, such as in hospital
settings and during medical procedures.

Table 3 summarizes publications performing airborne SARS-CoV-2 particle detection
and subsequent sample collection and detection methods. Google Scholar was used as the
database, with the keywords “airborne SARS-CoV-2 detection”. The first 100 papers were
recorded. Review articles, papers published before 2020, pre-prints, and papers not discussing
airborne coronavirus were immediately excluded. The methods section of these papers was
assessed to record sample collection and detection methods.
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Table 3. Survey of (a) sample collection, and (b) detection techniques used in recent (2020-2021) articles detecting coronavirus
from airborne samples. Bold references will also be discussed in the next section on biosensors for bioaerosol detection.

(a) Sample collection techniques
Technique Advantages Disadvantages References
Collected onto | Impactor, pump | Wide flow-rate range (10-1200 Shear forces damage particle Liu et al.’, Razzini et al.*®, Stern
solid L/min) viability et al.”’, Moreno et al.*®, Chirizzi
Fast collection time Lower collection efficiency et al.*®, Rodriguez et al.”,
Dumont-Leblond et al.*, Jin et
al.”?, Barbieri et al.”’, Stern et
a|.53
Centrifugal Higher collection efficiency High shear forces Schuit et al. >
sampler Higher flow volume
Cyclone Higher collection efficiency High shear forces Chia et al.2, Hirota™
Higher flow volume
Electrostatic Low-flow rate Charge may damage particle Kim et al.*®, Piri et al.”’
Increased particle attraction viability
No shear force affecting particle | Slow collection time
viability
High collection efficiency
Swabbing Does not require aerosol Does not accurately represent Moreno et al.*8, Rodriguez et
sampling airborne concentration al.*°, Nissen et al.*®, Moitra et
Convenient Deposited samples may no longer | al.**, Maestre et al.*
Low-cost be viable
May have higher concentration
than in aerosol format
Passive sampling | Simple setup (no electricity, No air flow = lowest collection Baboli et al.®*
(no induced air battery, etc.) efficiency
sampling) Portable Placement of sampler highly
Typically used with culturing influences results
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methods

Collected into
liquid

Impinger

Liquid collection

Shear forces damage particle
viability

Zhang et al.*®, Baboli et al.*,
Zhou et al.*?, Kenarkoohi et al.®,
Faridi et al.**

ATH enrichment

Fast sampling time (1 min)

Volume reduction enrichment

Combined enrichment and
collection method

Requires specific liquid

Kim et al.*®, Piri et al.”’, Hu et
a|.65

Microfluidics Able to mix samples Very low air flow rates (<1 Xiong et al.*®
Portable L/min) may result in low
Low-cost collection efficiency
Able to modify Requires pipetting and transfer of
Good for ATH and HTH samples into liquid form
enrichment
Maintain particle viability
(b) Detection technigues
Technique Advantage Disadvantage References
Intact virus Culturing Simple technique Oversampling can make plaque | Kim et al.*®, Nissen et al.*
required Provides information on whole counting difficult
aerosol sample Contamination of samples
Time-consuming
Requires viable viruses
Nucleic acid PCR Highly sensitive Expensive Liu et al.”, Barbieri et al.”’, Chia
amplification Highly specific Requires training to perform et al.”?, Razzini et al.*®, Stern et

Can handle complex samples
Detects low concentrations

al.“” Moreno et al.*®, Chirizzi et

al.*, Rodriguez et al.*°, Dumont-
Leblond et al.**, Jin et al.*2, Stern
et al.®, Kim et al.*®, Piri etal.”,
Nissen et al.*8, Maestre et al.%,
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Baboli et al.®, Zhou et al.%,
Kenarkoohi et al.®®, Faridi et
al.% Hu et al.%®, Xiong et al.%,
Zhang et al.*’, Song et al.®®,
Le%nicky et al.®®, Lednicky et
al.

Detects low concentrations
Multi-target detection
Typically low-cost

Optical signal

solution
False-positives

LAMP Highly sensitive Expensive Rahmani et al.”™*
Highly specific Requires training to perform
Single temperature requirement
only
Detects low concentrations
Antigen- ELISA and Highly sensitive May require training to perform | Piri et al.>’, Moitra et al.*®
antibody immunoassay Highly specific Requires preparation of antibody




Journal Pre-proof

Articles listed in bold used specifically biosensors for either sampling and/or detection of
SARS-CoV-2 or HCoV-229E, and these will be discussed in further detail later in this review.
This collection of airborne coronavirus detection clearly shows a trend for using impactor air
samplers combined with nucleic acid amplification detection. PCR techniques were almost used
by all articles published on detecting airborne SARS-CoV-2, proving it is the industry standard
for accurate viral quantification. This dominance is likely due to the commercial availability of
impactor-style air samplers; however, justification for the choice of air sampler was not typically
discussed and is therefore difficult to assess. Impingers were the second most common air
sampler, also often commercial products. Many impactors also used additional filtration
membranes for the collection of particles after sampling. Gelatine"“°%°! and glass fiber
were most commonly used for such filters. Immunoassays, although common for biosensor-type
diagnostics, as seen in Table 4, were not typically used by articles assessing coronavirus
presence from airborne samples.

Some articles opted to estimate airborne concentration by taking surface swabs at key
sites for airflow, such as ventilation filters, to infer the number of airborne particles based on the
concentration detection on the surface via deposition®. This technique may be helpful for easy
estimation of the target. Still, it can overestimate airborne virus if concentration has occurred or
underestimate if airflow does not permit high amounts of deposition in the area swabbed. In
addition, this technique is unique because it does not directly sample airborne particles. The rest
of the methods discussed directly sampled airborne particles.

27,47,53

Recent Biosensor Advances for Airborne
Respiratory Viruses

Literature Survey

While many publications have been published reporting coronavirus detection from
airborne samples (see Table 3), only a small number (marked bold) focused on the development
of biosensor devices for this detection. Biosensors provide a low-cost and portable alternative to
standard air sampling and detection methods; however, more research is needed on novel and
improved methods for airborne detection of respiratory viruses. In addition, the field has made
considerable advances in the realm of liquid media, such as water and saliva. Still, there remains
a gap in airborne particle sampling, collection, and detection.

This review assessed recently published articles that were either directly related to
biosensors for aerosol detection or were closely related to the sampling, collection, or detection
steps. Using Google Scholar, we searched for publications using the keywords “biosensors,”
“airborne,” “aerosol,” and “virus.” As some papers may not use the terminology biosensors, we
then added the keywords, “point-of-care,” “microfluidic,” and “lab-on-a-chip.” We then filtered
all results from these searches to exclude any papers published before 2015. We also performed
an additional search to include advances in detection methods with the potential to detect low
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concentrations of viral particles. For this extra step, we did a Google Scholar search for
publications using the keywords, “biosensors,” “SARS-CoV-2,” and “detection.” We then used
manual revision of the remaining papers to eliminate the papers that did not specifically discuss
airborne detection or the development of sampling, collection, or detection modality for airborne
detection. All papers were then categorized based on the target pathogen tested with the device,
prioritizing respiratory viruses, including coronaviruses and influenza viruses. Due to the low
number of publications on respiratory viruses, we also included the papers focusing on bacteria
or polystyrene particles (surrogates for bacteria). However, they are discussed as potentially
having difficulty translating to detecting virus particles, which are typically orders of magnitude
smaller in diameter. Table 4 shows a breakdown summary of critical attributes of the methods
discussed in these finalized papers.

A key difference seen with publications on biosensors for airborne detection (Table 4)
versus the main trends seen for general SARS-CoV-2 detection (Table 3) is the use of combined
sampling and collection methods. In Table 3, we noticed that most papers used an impactor,
typically a commercially purchased one, combined with nucieic acid detection. However, in
Table 4, we can see that most air sampling methods combined an air pump with an additional
enrichment method, such as electrostatic precipitation or microfluidics.

Viability is a crucial issue, especially when it comes to bacterial aerosol detection. To
culture collected microorganisms, a live sample is required. High flow samplers put bioaerosols
through high shear forces, which can then damage the cell. Liquid samplers also put samples
under high shear forces; however, there appears to be less damage than non-liquid samplers such
as impactors and pumps. In addition, many viruses are not culturable, and nucleic acid detection
techniques or immunoassay techniques do not require live samples, so these concerns are not as
prevalent.

Airborne viruses are difficult to detect because of their low concentration. Optimized
sampling and collection methods are used to improve the collection efficiency of airborne
particles. While the LOD of nucleic acid amplification (e.g., RT-gPCR) has generally been
considered much lower than antibody-antigen methods (e.g., ELISA and other immunoassays),
the LOD’s shown in Table 4 do not show substantial differences between these two methods.
Lowest LOD’s were 10 copies/pL (= 10* copies/mL) and 138 pg/mL for antibody-antigen
methods, and 30 copies and 6 PFU/mL for PCR methods®*"%®"#83 Medium-to-high LOD’s
were around 10° PFU/mL for both antibody-antigen and PCR methods®®°"®472# 1 0D’s are
more affected by the collection efficiency, which can be varied by the device’s flow volume,
presence or absence of applied charge, and enrichment steps.
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Table 4. Overview of articles demonstrating biosensors for the bioaerosol detection.

Ref. Collection IAir flow [Collection[Enrichment [Detection Detection [Target LOD Key
method rate, time, min Method method time, hr  {analyte biosensor
L/min attributes
Bacteria detection using biosensors
Chen & Impactor 1200 <10 N/A Culturing, 24-48 Bacteria N/A Portable
Yao™ gene (many
sequencing species)
Kimetal.” |Electrostatic,  [4-10 2 HTH, Real time- 1-4 S.aureus, |4.75x10" CFU/m®
ATH enrichment magnetic gPCR B.cereus, |4.63x10° CFU/m®
particles E. coli 1.5x10° CFU/m?
Jiang etal.™, [Pump + 0.001- <60 Microfluidic |LAMP + 15 S. aureus 24 CFU/mL No DNA
Jingetal.”® |microfluidic 0.012" chip fluorescence purification
Choietal.” |lInertial 0.6 10 N/A Culturing, N/A S. 918 CFU/mL High
microfluidics particle epidermidis collection
with two-phase counting efficiency
continuous flow
Choietal.”” |Pump+SERS [0.2-1.2 |1 N/A AgNP + Real-time |S. 100 CFU/mL  |AgNP in
optofluidic SERS spectra epidermidis liquid
platform collection
Virus detection (not necessarily coronavirus) using biosensors
Ladhaniet  [Pumps + 6.7 15 N/A RT-gPCR 1-4 Infl. 303-3721 RNA
al.”® electrostatic A/HIN1,  [copies
precipitation H3N2
with liquid
collector
Hong et al.” |Electrostatic ~ [1.2 10 N/A QPCR, plaque [1-4 MS2&T3 [N/A Portable;
lassay phage High virus
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viability
Leeetal® [LFA 75-100 |<30 Concentration [Immuno- 0.33 MS2 phage [10° PFU/mL
step on fluorescence Avian infl.  [10%° EIDs/m®
sampling pad [assay
Leeetal® [3D photonic 5 N/A N/A Fluorescent  [0.67 Infl. 138 pg/mL Portable;
crystal probe, FRET A/HIN1 L ow-cost
Usachevet |Pump + 4 10 N/A SPR spectra,  [L min MS2 phage [6x10° PFU/mL
al.® collection liquid immunoassay Infl. A/ 7x10° PFU/mL
(bubbler) HIN1
Agranovski  [Pump + N/A 0.17-10 |N/A PCR <0.67 T4 phage 10° PFU/ML Handheld
& Usachev® |collection into
liquid
Pirietal” |ATH EP sampler|8 N/A N/A ELISA N/A Infl. N/A Reduced
PCR A/H1IN1 1.5x10° PFU/mL  [damage to
HCoV-229E virus
Kimetal.® |Electrostatic, 4-10 N/A HTH, RT-qgPCR 1-4 HCoV-229E [6 PFU/mL
ATH enrichment magnetic Infl. 55 PFU/m®
particles A/HIN1
Xiong et al.®® | Air sampler +  [50-250 |30 N/A LAMP 0.25 SARS-CoV- (10 copies/uL Portable;
microfluidic 2 Multiple
fluorescence sample
system processing

Note. Infl. = influenza. Phage = bacteriophage.
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Sampling Methods

Flow volume is a common characteristic referenced in bioaerosol sampling. In general,
higher flow samplers are desirable because they bring a larger volume of air into contact with the
collection device and subsequently improve chances of detection’?. However, high flow rates
may also affect bioaerosol vitality. The HighBioTrap device used by Chen & Yao® (Figure 5C)
achieves a very high flow volume of 1200 L/min. Tested with polystyrene particles down to 0.3
um (larger than SARS-CoV-2 with 0.1 um diameter), it reached a collection efficiency of 10%.
The HighBioTrap was also tested on bacteria and achieved a 20% collection efficiency, with
only 3-5 minutes of air sampling time’?. In contrast to the HighBioTrap device, a lower flow
volume can be used to prioritize maintaining virus viability. Gentle sampling with a very low
flow rate was achieved using electrostatic bioaerosol collection devices®”"*4. Hong et al.
developed a personal electrostatic particle concentrator with very high collection efficiencies of
99.3-99.8% for 0.05-2 um diameter polystyrene particles using a very low flow rate of 1.2
L/min”®. The high collection efficiency with gentle sampling was achieved due to the enhanced
electric field strength used (Figure 5B)°. This is desirable so that the collected bioaerosols do
not lose viability during sampling, which is important if the goal is to estimate actual viable
airborne concentrations of particles and is therefore relevant to consider. The efficiency was the
highest for smaller particles, promising for potential translation to virus detection. This technique
not only achieved high collection efficiency but also had a recovery rate > 900X larger than in
the commercial SKC BioSampler, which uses a 12.5 L/min flow rate™.

Viability does not have to be a primary focus for successful airborne virus detection, as
virus fragments can still be detected, but the very high collection efficiency is a helpful factor for
virus detection considering the low initial airborne concentration.

The combined use of microfluidics and electrostatic precipitation (ESP)-based sampling
offer comparable collection efficiencies to commercial biosampling impingers®*. The proposed
point-of-care (POC) device (Figure 5A) was a conceptual development for directly collecting
droplets using a microfluidic platform. The capture of the droplets uses corona discharge, similar
to the gentle sampler by Hong et al. discussed previously’, allowing for different distances and
currents to optimize the parameters. This dynamic prototype showed a maximum collection
efficiency of 21% from small 300 pL samples. Compared to the consistent 19% rate of a
commercial impinger from 4 mL samples, these appear to be competitive results. Without ESP
the collection efficiency was less than 1%, so this suggests that microfluidic devices may
especially require additional help for achieving reasonable collection efficiencies. Pardon et al.
claims this is suitable for POC diagnostics for human exhaled breath aerosols, following further
research into effects of patient breathing patterns and power supply, among others®*. Although
this device was not tested directly on aerosolized viruses, its research on the effectiveness of ESP
and potential for microfluidic collection is interesting and applicable to further investigation.

Figure 5 summarizes the electrostatic bioaerosol collecting method.
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Figure 5. Electrostatic samplers for bioaerosol detection. A) Schematic of electrostatic
precipitator (ESP) as a sampling device. Droplets are captured onto a microfluidic air-to-liquid
interface for later analysis. Reprinted from Pardon et al. ref. 84 with permission, (c) 2015
Elsevier. B) Schematic of the electrostatic particle concentrator (EPC) for gentle sampling of
submicrometer airborne virus particles. Reprinted from Hong et al. ref. 79 with permission, (c)
2016 Elsevier. C) 3D sketch of the HighBioTrap, a battery-powered high-flow sampler.
Reprinted from Chen & Yao ref. 72 with permission, (c) 2018 Elsevier.

While Ladhani et al. used electrostatic precipitation to improve the collection efficiency
of their microfluidic device’, some other authors have utilized enrichment methods. Enrichment
steps help to lower the limit of detection (LOD) by increasing particle concentration by
collecting aerosols into a liquid, causing a volume reduction and increased sample
concentration™°*. This is similar to the concentration step used to artificially increase the
norovirus captured onto a microfluidic chip in this liquid-based immunofluorescence assay® .
Enrichment steps are especially advantageous for respiratory virus biosensors, due to their low
airborne concentration. Aerosol-to-hydrosol (ATH) enrichment is the most effective for higher
flow volumes®”"® ATH is both air sampling and enrichment step, capable of achieving up to
80,000x enrichment capacity’® Particle collection efficiency increases with particle charge, and
therefore a negative voltage is often applied®. The simultaneous liquid and air collection process
is clearly very efficient at reaching high collection percentages and should be investigated for the
application of airborne virus detection. Enrichment capacity (EC) is used to evaluate the extent
to which particle concentration can be increased.

Although ATH enrichment is the most typical, hydrosol-to-hydrosol (HTH) enrichment
can also be used to incorporate biomarkers for improved detection. Following ATH sampling
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and enrichment, Kim et al. used concanavalin A (ConA)-coated magnetic particles (CMPs)
placed in the fluidic channel to achieve an additional 14.9 enrichment capacity, totalling
1.192x10° enrichment capacity in just 1 minute. This was tested and shown to be over 1000
times better than the commercial SKC BioSampler”. This method was also tested on airborne
HCoV-229E and influenza A/2021°°, which will be discussed in the following paragraph.
Microfluidic platforms offer opportunities for rapid, sensitive, and in situ detection of

airborne respiratory viruses. The combination of enrichment and microfluidic platforms could
maintain low LODs while maintaining rapid and portable capabilities. Jiang et al. investigated
such a combination (Figure 6B) with the use of microfluidics for enrichment and detection of
airborne bacteria using high-throughput LAMP (loop-mediated isothermal amplification; a
nucleic acid amplification method that runs on a single temperature) analysis with a LOD down
to 24 cells per reaction and binary detection from the naked eye’® Another exploration of
microfluidics for enrichment was done by Choi et al. (Figure 6A) who used inertial microfluidics
for enriched and continuous aerosol sampling’®. Similar to ATH enrichment methods, the extent
of particle collection was increased by sampling air and collecting liquid simultaneously and
continuously. Polystyrene particles of 1 um could be collected with up to 98% efficiency. This
technique was shown successful for bacteria and polystyrene particles ranging from 0.6-2.1
“m76.

These microfluidic enrichment devices are summarized in Figure 6.

Fiuid Inlet

Figure 6. Microfluidic enrichment devices for detecting bacteria or polystyrene (surrogate)
particles from droplets and aerosols. A) Schematic of the MicroSampler, an inertial microfluidic
technique for continuous aerosol sampling; Reprinted from Choi et al. ref. 76 with permission,
(C) 2017 American Chemical Society. B) Photograph of the airborne bacterial capture and
enrichment (i) and high-throughput LAMP chip (ii); Reprinted from Jiang et al. ref. 74 with
permission, (C) 2016 American Chemical Society.

Ladhani et al. continued the research on POC applications for detection of airborne
influenza A/H1N1 using electrostatic precipitation (ESP)-based bioaerosol samplers, with RT-
gPCR for detection and analysis®. Sample volume used was 150 pL, improving upon other
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liquid-based aerosol biosamplers that are typically in the mL range’®. The collection efficiency
demonstrated with this technique was > 10% but a second extraction protocol further improved
collection efficiency up to 47%. Collection efficiencies were compared to gelatin filters, which
are a good standard and get close to 100% efficiencies’®.

Detection Methods

Many airborne microorganism detections are done by nucleic acid detection, most
commonly PCR. The methods and devices summarized in Figures 5 and 6 are focused on
bacteria and polystyrene (surrogate) particles, and their detections are still conducted in a
conventional manner, i.e., culturing and RT-PCR. While the use of RT-qPCR is neither rapid nor
novel, it is advantageous because it can be used with clinical samples. Culturing is not an option
for many virus types. Nucleic acid amplification requires more time than some alternative
methods, such as optical measurement’’, however produces very low false-positives®.

After collecting influenza A/H1N1 particles using the ESP sampler, Ladhani et al. used
RT-gPCR with additional extraction protocols to improve their LOD of 3721 RNA copies to 303
(n=1 data point) RNA copies’®. Ladhani et al. thoroughly tested different extraction protocols
comparing the effectiveness of using universal transport medium (UTM) rinsing and filter
wiping’®.

Laboratory-based PCR can also be implemented within a biosensor using a portable and
relatively rapid PCR device. Multiplex PCR using a single PCR tube and single fluorescent dye
was investigated using a mini-PCR device, with intersample variability remaining less than
10%% . This device showed high efficiencies at 10 minutes, 1 minute, and 10 seconds of
bioaerosol sampling time but only 50% collection at 5 seconds sampling time. The mini-PCR
device uses a laser diode for precise excitation, eliminating the need to use optical filters, and
performs rapid heating and cooling using a thermistor and air fan®. It appears like the portable
PCR device could be combined with any other sampling system optimized for the target virus of
choice.

Optical measurement methods allow for immediate analysis of collected particles, ideal
for point-of-care and rapid detection of airborne virus particles. Similar to the inertial
microfluidic platform with simultaneous liquid and air collection’®, Choi et al. presented a
modified technique with the addition of surface-enhanced Raman spectroscopy (SERS) for
detection of the collected airborne bacteria in continuous real-time manner’’. Spectra were
collected over 60s, with bacterial concentration increasing the most after 15 minutes of collection
time. Collection efficiency was 99.6% for 1 um particles, and the LOD was approximately 100
CFU/mL for total bacterial aerosol concentration’”.

Combined Sampling and Detection

Since microfluidic devices have popularly been demonstrated for biosensor applications,
integrated microfluidic devices have been developed that can conduct both sampling and
detection, although the number of such work is still small.
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Figure 7 summarizes the integrated sampling and detection devices.
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Figure 7. Integrated sampling and detection microfluidic devices. A) 3D schematic of integrated
sampling and monitoring platform. Air samples are collected and processed on the lateral flow
assay using fluid flow and lanthanide-doped upconversion nanoparticles (UCNPS); Reprinted
from Lee et al. ref. 80 with permission, (c) 2020 American Chemical Society. B) Miniature PCR
machine that is portable and lightweight (left) and accompanying personal bio-aerosol sampler
filled with collecting liquid (right); Reprinted from Agranovski & Usachev ref. 83 with
permission, (c) 2020 Elsevier. C) Quenched Qdot-aptamer conjugates are loaded into aerosol
spray and photonics crystal is in “off” stage (left). Aerosolized virus is captured on the photonics
crystal triggering ‘on’ state (middle). Signal is detected and measured using smartphone (right);
Reprinted from Lee et al. ref. 81 with CC BY license, (c) 2018 Lee et al.

Lee et al. proposed an integrated sampling and monitoring platform for rapid detection of
influenza A/HIN1 and bacteriophage MS2 (a virus of roughly 28 nm), using a paper-based
lateral flow immuniochromatographic assay (LFA) for both collection and detection of
aerosolized virus®®. This approach is highly novel for airborne virus detection as no other papers
discussed the use of LFAs for rapid aerosol detection. Lee et al. used glass fiber pads as the
aerosol sampling pad, which is directly connected to the LFA test strip®. After collection, a
loading buffer is injected through the glass fiber to lyse any deposited pathogens. The target
virus was then captured in the detection zone of the LFA by lanthanide-doped upconversion
nanoparticles (UCNPs), which emit near infrared (NIR) wavelengths so that the captured
airborne pathogens can be immediately detected using NIR-to-NIR nanoprobes for target
pathogen detection. The integrated lateral flow assay was placed in a small chamber that
simulated an indoor room environment, and the air sampler was operated for 15 minutes at 100
L/min. Lee et al. suggest that the collection efficiency can be further improved by including
eluting steps such as centrifugation or vortexing to improve virus transfer from the glass fiber
sample pad®.
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Nanoparticles are particularly useful for specific detection of target pathogens. Lee et al.
used quantum dot (Qdot)-aptamer beacons and light guiding in a 3D photonic crystal for
quantification of airborne influenza A/H1N1. POC detection of HIN1 using crystal-based
sensors, specifically a quartz crystal microbalance (QCM)-based sensor can provide a unique
alternative to bulky samplers®. This technique measures changes in resonance frequency to
quantify deposition of airborne viruses on the sensor surface. The fluorescent signal, enhanced
using dark quencher-labeled guard DNA (G-DNA) from the Qdot-aptamer beacons, was used as
an ‘off-on’ binary detection method and quantitative tool for determining concentrations down to
138 pg/mL. The additional method discussed uses a smartphone camera setup, costing $20 USD,
which reaches an LOD of 70 ng/mL when testing serum®. While this technique is exciting, it
does not thoroughly experiment with aerosolized viruses, and the LODs may not represent real
state air detection.

Surface plasmon resonance (SPR) offers rapid and precise detection of target viruses. A
combined multiplex SPR and a bubbler type bioaerosol sampler for rapidly detecting multiple
airborne pathogens showed low LOD and high specificity in both singleplex and multiplex
sensors®?. Bacteriophage MS2 was tested on a singleplex sensor with only anti-MS2 antibodies
and a multiplex sensor with anti-influenza A antibodies as well. For bacteriophage MS2, LOD
was found to be 6x10° PFU/mL for both single and multiplex sensors, and for influenza A the
LOD was 7x10° PFU/mL?,

Recent Biosensor Advances for Airborne Coronaviruses

The final few papers we will now review specifically focus on detection of airborne
coronaviruses®*>"%®"2#8 and one that does not focus on airborne detection but could potentially
be applied to bioaerosols®. Twa review papers present summaries of sensor technologies for
bioaerosol detection, including examples for SARS-CoV detection. Su et al.’s review highlights
that SARS-CoV-2 RNA was found from air samples using impinger and filter collection plus
RT-PCR detection®, however does not reference any biosensors for virus detection published
later than 2015. Rahmani et al.’s review focuses specifically on detection of airborne coronavirus
by looking at benefits of different sampling characteristics, such as sampling time and flow rate,
as well as culturing and detection, including RT-PCR and reverse transcription loop mediated
isothermal amplification (RT-LAMP) techniques’ .

There are two research papers that used HCoV-229E. Piri et al. used ESP with ascorbic
acid (AA) dissolved in phosphate-buffered saline (PBS) to sample bioaerosols as hydrosols with
increased survivability (Figure 8A)>’. Additional steps are needed in ESP in order to reduce
damage to the viral species, in particular HCoV-229E which showed greater impairment due to
corona discharge exposure than influenza A/HIN1>". ESP produces corona discharge which
ionizes the air and generates reactive oxygen species (ROS) and reactive nitrogen species (RNS).
However, using the PBS+AA method reduces this damage to viral RNA, viral protein, and
general viral yield by 95%, 45%, and 60% respectively. The PBS+AA treatment is the main
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novel aspect of this paper, the air sampler used was developed previously, and the virus was
collected by exposing the virus hydrosols using a peristaltic pump. Samples were tested using
conventional laboratory analyses: virus culturing, enzyme linked immunosorbent assay (ELISA),
and RT-PCR”’.

Simultaneous ATH and HTH enrichment was also used for human coronavirus 229E with
enrichment capacities up to 67,000 virus particles. This improved the LOD to detect the HCoV-
229E with the average RT-gqPCR threshold cycle values (Ct) of 33.8%. Kim et al. used an
electrostatic air sampler (Figure 8B) to capture aerosolized HCoV-229E, influenza A/H1N1 and
H3N2, as well as ATH and HTH fluidic enrichment system®®. Detection was done in a
conventional RT-PCR.

Finally, there are two research papers that used SARS-CoV-2. Xiong et al. presented an
exciting application of microfluidics towards SARS-CoV-2 detection. They successfully
performed tests of 115 samples in a non-laboratory setting. This method used a combined
sampling and monitoring platform with a rotating polycarbonate microfluidic fluorescence chip-
integrated aerosol sampler and monitor®®. This system was small volume and highly sensitive,
achieving the LOD of 10 SARS-CoV-2 copies/uL with CV < 5%. The microfluidic chip has
zones for sample lysing, DNA separation, and amplification. Four chambers are available, each
requiring 5 puL. Xiong et al. targeted the SARS-CoV-2 O gene, N gene, internal standard gene,
and a blank control. This system is quicker than some alternatives, however requiring 75 minutes
total turnaround time for one device, still able to achieve 96 samples per device per day®. This
paper is one of the only ones we found that tested clinical samples.

There is one additional paper by Qiu et al. that detected SARS-CoV-2, but not from
aerosol samples. A dual-functional plasmonic biosensor using plasmonic photothermal (PPT)
effect and localized surface plasimon resonance (LSPR) sensing transduction was shown to detect
SARS-CoV-2 sequences down to 0.22 pM, corresponding to approximately 113 copies/uL, from
a multigene mixture®. This system (Figure 8D) is not portable and was not tested on airborne
samples; however, the high sensitivity and specificity could be further tested for detection of
SARS-CoV-2 from airborne multiplex samples.

Figure 8 summarizes the biosensor detection of coronaviruses (HCoV-229E and SARS-
CoV-2).
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Figure 8. Biosensors for detecting airborne coronavirus (HCoV-229E; not SARS-CoV-2). A)
Schematic of electrostatic aerosol-to-hydrosol sampler; Reprinted from Piri et al. ref. 57 with
permission, (¢) 2021 Elsevier. B) 3D schematic (left) and photograph (right) of the integrated
system for HTH or ATH air sampling plus additional enrichment of airborne virus particles;
Reprinted from Kim et al. ref. 56 with permission, (c) 2020 Elsevier. C) Schematic diagram of
the integrated sampling/monitoring microfluidic platform; Reprinted from Xiong et al. ref. 66
with permission, (c) 2021 American Chemical Society. D) Schematic setup of the dual-
functional PPT enhianced LSPR biosensing system; Reprinted from ref. 89 with CC BY license,
(c) 2020 Qiu et al.
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Concluding Remarks and a Proposal

There is a clear need for continued research in the realm of biosensors for airborne virus
detection. The development of rapid and point-of-care (POC) devices can increase the ability for
hospitals, public spaces, and private residences to detect and prevent virus contamination. To
successfully meet the goal of an environmental biosensor for detection of airborne respiratory
viruses like SARS-CoV-2, we propose an automated, easily deployable system. The proposed
system will ideally be (1) handheld for ease of use, (2) relatively inexpensive, (3) easily
reproducible, (4) sensitive, (5) compatible with smartphone platforms (e.g., iPhone and
Android), (6) adaptable to a range of respiratory viral targets, and (7) provide rapid feedback to
users.

Based on the papers reviewed in this publication, as well as the personal field of research of the
authors, our recommendation is the development of a paper-based microfluidic system for
sampling and collection of airborne SARS-CoV-2. The microfluidic chip (Figure 9) could be
stored in an electrostatic sampling device, similar to the electrostatic precipitator seen in Figure
6B. Depending on the priority of the device, either a high flow sampling rate or a gentle and
slower sampling rate could be used to increase capturing efficiency or virus viability
respectively. This device would be portable and potentially highly efficient. Models on air flow
in indoor environments can help gauge ideal positioning of these devices, possibly in areas of
increased airborne virus concentration such as near hospital beds or in restrooms. After
collection of airborne particles onto the microfluidic chip, either an immunofluorescence assay
or a nucleic acid amplification technique can be used to identify virus presence and
concentration.

Immunofluorescence Detection using Smartphone -
Fluorescence microscope

Electrostatic
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. A Microfluidic ./
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Figure 9. Schematic for a SARS-CoV-2 detection system using electrostatic sampling and
collection onto a microfluidic platform, followed by immunofluorescence detection using anti-
SARS-CoV-2 antibodies conjugated to fluorescent particles. Levels of immunoagglutination are
quantified using smartphone-based fluorescence microscope for diagnosis of coronavirus
presence or not. Schematic was made using BioRender.com.
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If using immunofluorescence detection, then a smartphone-fluorescence microscope
could be used to portably detect immunoagglutination between positive virus samples and target
antigen specific antibody-conjugated fluorescent particles. This device will consist of three
central components: (1) the paper-based microfluidic chip with wax-printed channels, (2) an
imaging attachment, and (3) a smartphone with analysis and user interface software. The
microfluidic chip will be designed such that immobilized antibodies are preloaded to target
respiratory virus antigens. Conjugation of fluorescent particles to the antibodies will allow for
sensitive imaging and quantification of captured virus, as we have previously demonstrated for
norovirus detection®. Using the immunofluorescence assay on a lateral flow microfluidic chip
has achieved LODs down to single virus copy level (corresponding to 1 copy/mL or 1 fg/uL
norovirus virions), as it can detect antigens and virus fragments. It could be expected to achieve
similar results with coronavirus. Imaging will be performed using a microscope attachment, an
excitation LED, and proper excitation/emission filters. Smartphone software will control the
capture of images and automatically analyze the samples to provide results within minutes.

An alternative to immunofluorescence assays is to take samiples from the microfluidic
chip and perform nucleic acid amplification methods, such as RT-qPCR. This nucleic acid
detection could further lower the LOD and increase specificity due to the high accuracy of
nucleic acid techniques. Although amplification methods would take longer than using
immunofluorescence, using the microfluidic chip as the platform could still permit portable virus
collection.

These proposed systems allow for microfluidic chips to be placed in a plethora of regions
for comprehensive coverage of airborne virus collection in any desired setting. Optimization of
the sampling flow rate and detection technique will emphasize either rapid detection or highly
accurate quantification. Continued characterization of airborne viruses, such as SARS-CoV-2,
will help improve the ability to construct devices optimized for the target pathogen, as well as
detection methods which are highly specific.

Declaration of Conflicting Interests

The authors declare no potential conflicts of interest with respect to the research, authorship,
and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support for the research, authorship,
and/or publication of this article: This work was supported by the University of Arizona Test All
Test Smart Program and Tech Launch Arizona. L.E.B. also acknowledges the fellowship support
from the University of Arizona / NASA Space Grant.

References

(1) Shereen, M. A.; Khan, S.; Kazmi, A.; et al. COVID-19 Infection: Origin, Transmission,



Journal Pre-proof

and Characteristics of Human Coronaviruses. J. Adv. Res. 2020, 24, 91-98. DOI:
10.1016/j.jare.2020.03.005.

(2) Zou, L.; Ruan, F.; Huang, M.; et al. SARS-CoV-2 Viral Load in Upper Respiratory
Specimens of Infected Patients. N. Engl. J. Med. 2020, 382 (12), 1177-1179. DOI:
10.1056/NEJMc2001737.

3) Fronczek, C. F.; Yoon, J.-Y. Biosensors for Monitoring Airborne Pathogens. J. Lab.
Autom. 2015, 20 (4), 390-410. DOI: 10.1177/2211068215580935.

4) Smiths Detection. Identify COVID-19 in the air with the BioFlash Biological Identifier.
Smiths Detection Group Ltd.: Hemel Hempstead, UK, 2021.
https://www.smithsdetection.com/insight/urban-security/identify-covid-19-in-the-air-
with-the-bioflash-biological-identifier/.

5) Shafaghi, A. H.; Rokhsar Talabazar, F.; Kosar, A.; et al. On the Effect of the Respiratory
Droplet Generation Condition on COVID-19 Transmission. Fluids 2020, 5 (3), 113. DOI:
10.3390/fluids5030113.

(6) Thomas, J. P.; Srinivasan, A.; Wickramarachchi, C. S.; et al. Evaluating the National PPE
Guidance for NHS Healthcare Workers during the COVID-19 Pandemic. Clin. Med.
2020, 20 (3), 242-247. DOI: 10.7861/clinmed.2020-0143.

@) Mick, P.; Murphy, R. Aerosol-Generating Otolaryngology Procedures and the Need for
Enhanced PPE during the COVID-19 Pandemic: A Literature Review. J. Otolaryngol. -
Head Neck Surg. 2020, 49 (1), 29. DOI: 10.1186/s40463-020-00424-7.

(8) Woolhouse, M.; Scott, F.; Hudson, Z.; et al. Human Viruses: Discovery and Emergence.
Philos. Trans. R. Soc. B Biol. Sci. 2012, 367 (1604), 2864-2871. DOI:
10.1098/rsth.2011.0354.

9) Koyama, T.; Weeraratne, D.; Snhowdon, J. L.; et al. Emergence of Drift Variants That
May Affect COVID-19 Vaccine Development and Antibody Treatment. Pathogens 2020,
9 (5), 324. DOI: 10.3390/pathogens9050324.

(10)  World Health Organization. Infection Prevention and Control of Epidemic- and
Pandemic-Prone Acute Respiratory Infections in Health Care; World Health
Organization: Geneva, 2014. https://www.who.int/news-
room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-
prevention-precautions

(11) Tang, S.; Mao, Y.; Jones, R. M.; et al. Aerosol Transmission of SARS-CoV-2? Evidence,
Prevention and Control. Environ. Int. 2020, 144, 106039. DOI:
10.1016/j.envint.2020.106039.

(12) Zietsman, M.; Phan, L. T.; Jones, R. M. Potential for Occupational Exposures to
Pathogens during Bronchoscopy Procedures. J. Occup. Environ. Hyg. 2019, 16 (10),
707-716. DOI: 10.1080/15459624.2019.1649414.

(13) World Health Organization. Transmission of SARS-CoV-2: Implications for Infection
Prevention Precautions. World Health Organization: Geneva, 2020.
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-
implications-for-infection-prevention-precautions

(14)  Singhal, T. A Review of Coronavirus Disease-2019 (COVID-19). Indian J. Pediatr.
2020, 87 (4), 281-286. DOI: 10.1007/s12098-020-03263-6.

(15) Kampf, G.; Todt, D.; Pfaender, S.; et al. Persistence of Coronaviruses on Inanimate
Surfaces and Their Inactivation with Biocidal Agents. J. Hosp. Infect. 2020, 104 (3),
246-251. DOI: 10.1016/j.jhin.2020.01.022.



Journal Pre-proof

(16) Khare, P.; Marr, L. C. Simulation of Vertical Concentration Gradient of Influenza
Viruses in Dust Resuspended by Walking. Indoor Air 2015, 25 (4), 428-440. DOI:
10.1111/ina.12156.

(17) Liu, Y.; Ning, Z.; Chen, Y.; et al. Aerodynamic Characteristics and RNA Concentration
of SARS-CoV-2 Aerosol in Wuhan Hospitals during COVID-19 Outbreak. bioRxiv 2020,
2020.03.08.982637. DOI: 10.1101/2020.03.08.982637.

(18)  World Health Organization. Modes of transmission of virus causing COVID-19:
implications for IPC precaution recommendations. World Health Organization: Geneva,
2020. https://www.who.int/news-room/commentaries/detail/modes-of-transmission-of-
virus-causing-covid-19-implications-for-ipc-precaution-recommendations

(19) Pyankov, O. V.; Bodnev, S. A.; Pyankova, O. G.; et al. Survival of Aerosolized
Coronavirus in the Ambient Air. J. Aerosol Sci. 2018, 115, 158-163. DOI:
10.1016/j.jaerosci.2017.09.009.

(20)  Hinds, W. C. Chapter 19 Bioaerosols. In Aerosol Technology: Properties, Behavior, and
Measurement of Airborne Particles, John Wiley & Sons: New York, 2012.

(21) Tellier, R.; Li, Y.; Cowling, B. J.; et al. Recognition of Aerosol Transmission of
Infectious Agents: A Commentary. BMC Infect. Dis. 2019, 19 (1), 101. DOI:
10.1186/512879-019-3707-y.

(22)  Frenz, D. A,; Lince, N. L. A Comparison of Pollen Recovery by Three Models of the
Rotorod Sampler. Ann. Allergy Asthma Immunol. Off. Publ. Am. Coll. Allergy Asthma
Immunol. 1997, 79 (3), 256-258. DOI: 10.1016/51081-1206(10)63011-6.

(23) Lee, B. U. Minimum Sizes of Respiratory Particles Carrying SARS-CoV-2 and the
Possibility of Aerosol Generation. Int. J. Environ. Res. Public. Health 2020, 17 (19),
6960. DOI: 10.3390/ijerph17196960.

(24) Jeong, S.-Y.; Kim, T. G. Comparison of Five Membrane Filters to Collect Bioaerosols
for Airborne Microbiome Analysis. J. Appl. Microbiol. 2021, 131 (2), 780-790. DOI:
10.1111/jam.14972.

(25)  Unterwurzacher, V.; Bruck, S.; Biedermann, M.; et al. Development and Validation of a
Simple Bioaerosol Collection Filter System Using a Conventional Vacuum Cleaner for
Sampling. Aerosol Sci. Eng. 2021, 5 (4), 404-418. DOI: 10.1007/s41810-021-00110-9.

(26) Li, Z.; Li, Y.; Zhan, L.; et al. Point-of-Care Test Paper for Exhaled Breath Aldehyde
Analysis via Mass Spectrometry. Anal. Chem. 2021, 93 (26), 9158-9165. DOI:
10.1021/acs.analchem.1c01011.

(27)  Barbieri, P.; Zupin, L.; Licen, S.; et al. Molecular Detection of SARS-CoV-2 from Indoor
Air Samples in Environmental Monitoring Needs Adequate Temporal Coverage and
Infectivity Assessment. Environ. Res. 2021, 198, 111200. DOI:
10.1016/j.envres.2021.111200.

(28)  Subbarao, K.; Mahanty, S. Respiratory Virus Infections: Understanding COVID-19.
Immunity 2020, 52 (6), 905-909. DOI: 10.1016/j.immuni.2020.05.004.

(29) Ribeiro, B. V.; Cordeiro, T. A. R.; Oliveira e Freitas, G. R.; et al. Biosensors for the
Detection of Respiratory Viruses: A Review. Talanta Open 2020, 2, 100007. DOI:
10.1016/j.tal0.2020.100007.

(30) Cann, A. J. Chapter 3 - Genomes. In Principles of Molecular Virology (Fifth Edition);
Cann, A. J., Ed.; Academic Press: Boston, 2012; pp 55-101. DOI: 10.1016/B978-0-12-
384939-7.10003-1.

(31) Laue, M.; Kauter, A.; Hoffmann, T.; et al. Morphometry of SARS-CoV and SARS-CoV-



Journal Pre-proof

2 Particles in Ultrathin Plastic Sections of Infected Vero Cell Cultures. Sci. Rep. 2021, 11
(1), 3515. DOI: 10.1038/s41598-021-82852-7.

(32) Neuman, B. W.; Adair, B. D.; Yoshioka, C.; et al. Supramolecular Architecture of Severe
Acute Respiratory Syndrome Coronavirus Revealed by Electron Cryomicroscopy. J.
Virol. 2006, 80 (16), 7918-7928. DOI: 10.1128/JV1.00645-06.

(33) Bar-On, Y. M.; Flamholz, A.; Phillips, R.; et al. SARS-CoV-2 (COVID-19) by the
Numbers. eLife 9. DOI: 10.7554/eLife.57309.

(34) Menter, T.; Haslbauer, J. D.; Nienhold, R.; et al. Postmortem Examination of COVID-19
Patients Reveals Diffuse Alveolar Damage with Severe Capillary Congestion and
Variegated Findings in Lungs and Other Organs Suggesting Vascular Dysfunction.
Histopathology 2020, 77 (2), 198-209. DOI: 10.1111/his.14134.

(35)  Zhu, N.; Zhang, D.; Wang, W.;et al. A Novel Coronavirus from Patients with Pneumonia
in China, 2019. N. Engl. J. Med. 2020, 382 (8), 727-733. DOI:
10.1056/NEJM0a2001017.

(36) Barcena, M.; Oostergetel, G. T.; Bartelink, W.; et al. Cryo-Electron Tomography of
Mouse Hepatitis Virus: Insights into the Structure of the Coronavirion. Proc. Natl. Acad.
Sci. U.S.A. 2009, 106 (2), 582-587. DOI: 10.1073/pnas.0805270106.

(37) Al Hajjar, S.; Memish, Z. A.; Mcintosh, K. Middle East Respiratory Syndrome
Coronavirus (MERS-CoV): A Perpetual Challenge. Ann. Saudi Med. 2013, 33 (5), 427—
436. DOI: 10.5144/0256-4947.2013.427.

(38) Jilani, T. N.; Jamil, R. T.; Siddiqui, A. H. HIN1 influenza. In StatPearls; StatPearls
Publishing: Treasure Island, 2021.

(39) Utley, T. J.; Ducharme, N. A.; Varthakavi, V.; et al. Respiratory Syncytial Virus Uses a
Vps4-Independent Budding Mechanism Controlled by Rab11-FIP2. Proc. Natl. Acad.
Sci. U.S.A. 2008, 105 (29), 10209-10214. DOI: 10.1073/pnas.0712144105.

(40) Béchi, T.; Howe, C. Morphogenesis and Ultrastructure of Respiratory Syncytial Virus. J.
Virol. 1973, 12 (5), 1173-1180. DOI: 10.1128/jvi.12.5.1173-1180.1973.

(41)  Vuorinen, V.; Aarnio, M.; Alava, M.; et al. Modelling Aerosol Transport and Virus
Exposure with Numerical Simulations in Relation to SARS-CoV-2 Transmission by
Inhalation Indoors. Saf. Sci. 2020, 130, 104866. DOI: 10.1016/j.ssci.2020.104866.

(42) Chia, P. Y.; Coleman, K. K,; Tan, Y. K.; et al. Detection of Air and Surface
Contamination by SARS-CoV-2 in Hospital Rooms of Infected Patients. Nat. Commun.
2020, 11 (1), 2800. DOI: 10.1038/s41467-020-16670-2.

(43) Hwang, S. E.; Chang, J. H.; Oh, B.; et al. Possible Aerosol Transmission of COVID-19
Associated with an Outbreak in an Apartment in Seoul, South Korea, 2020. Int. J. Infect.
Dis. 2021, 104, 73-76. DOI: 10.1016/j.ijid.2020.12.035.

(44)  van Doremalen, N.; Bushmaker, T.; Morris, D. H.; et al. Aerosol and Surface Stability of
SARS-CoV-2 as Compared with SARS-CoV-1. N. Engl. J. Med. 2020, 382 (16), 1564—
1567. DOI: 10.1056/NEJMc2004973.

(45) Chen, W.; Zhang, N.; Wei, J.; et al. Short-Range Airborne Route Dominates Exposure of
Respiratory Infection during Close Contact. Build. Environ. 2020, 176, 106859. DOI:
10.1016/j.buildenv.2020.106859.

(46) Razzini, K.; Castrica, M.; Menchetti, L.; et al. SARS-CoV-2 RNA Detection in the Air
and on Surfaces in the COVID-19 Ward of a Hospital in Milan, Italy. Sci. Total Environ.
2020, 742, 140540. DOI: 10.1016/j.scitotenv.2020.140540.

(47) Stern, R. A.; Al-Hemoud, A.; Alahmad, B.; et al. Levels and Particle Size Distribution of



Journal Pre-proof

Airborne SARS-CoV-2 at a Healthcare Facility in Kuwait. Sci. Total Environ. 2021, 782,
146799. DOI: 10.1016/j.scitotenv.2021.146799.

(48) Moreno, T.; Pinto, R. M.; Bosch, A.; et al. Tracing Surface and Airborne SARS-CoV-2
RNA inside Public Buses and Subway Trains. Environ. Int. 2021, 147, 106326. DOI:
10.1016/j.envint.2020.106326.

(49) Chirizzi, D.; Conte, M.; Feltracco, M.; et al. SARS-CoV-2 Concentrations and Virus-
Laden Aerosol Size Distributions in Outdoor Air in North and South of Italy. Environ.
Int. 2021, 146, 106255. DOI: 10.1016/j.envint.2020.106255.

(50) Rodriguez, M.; Palop, M. L.; Sesefia, S.; et al. Are the Portable Air Cleaners (PAC)
Really Effective to Terminate Airborne SARS-CoV-2? Sci. Total Environ. 2021, 785,
147300. DOI: 10.1016/j.scitotenv.2021.147300.

(51) Dumont-Leblond, N.; Veillette, M.; Mubareka, S.; et al. Low Incidence of Airborne
SARS-CoV-2 in Acute Care Hospital Rooms with Optimized Ventilation. Emerg.
Microbes Infect. 2020, 9 (1), 2597-2605. DOI: 10.1080/22221751.2020.1850184.

(52) Jin, T.; Li, J.; Yang, J.; et al. SARS-CoV-2 Presented in the Air of an Intensive Care Unit
(ICU). Sustain. Cities Soc. 2021, 65, 102446. DOI: 10.1016/j.scs.2020.102446.

(53) Stern, R. A.; Koutrakis, P.; Martins, M. A. G.; et al. Characterization of Hospital
Airborne SARS-CoV-2. Respir. Res. 2021, 22 (1), 73. DOI: 10.1186/s12931-021-01637-
8.

(54)  Schuit, M.; Ratnesar-Shumate, S.; Yolitz, J.; et al. Airborne SARS-CoV-2 is Rapidly
Inactivated by Simulated Sunlight. J. Infect. Dis. 2020, 222 (4), 564-571. DOI:
10.1093/infdis/jiaa334.

(55) Hirota, K. Air Contamination with SARS-CoV-2 in the Operating Room. J. Anesth. 2021,
35 (3), 333-336. DOI: 10.1007/s00540-020-02814-7.

(56) Kim, H. R.; An, S.; Hwang, J. An Integrated System of Air Sampling and Simultaneous
Enrichment for Rapid Biosensing of Airborne Coronavirus and Influenza Virus. Biosens.
Bioelectron. 2020, 170, 112656. DOI: 10.1016/j.bios.2020.112656.

(57) Piri, A.; Kim, H. R.; Park, D. H.; et al. Increased Survivability of Coronavirus and H1IN1
Influenza Virus under Electrostatic Aerosol-to-Hydrosol Sampling. J. Hazard. Mater.
2021, 413, 125417. DOI: 10.1016/j.jhazmat.2021.125417.

(58) Nissen, K.; Krambrich, J.; Akaberi, D.; et al. Long-Distance Airborne Dispersal of
SARS-CoV-2 in COVID-19 Wards. Sci. Rep. 2020, 10 (1), 19589. DOI: 10.1038/s41598-
020-76442-2.

(59) Moitra, P.; Alafeef, M.; Dighe, K.; et al. Rapid and Low-Cost Sampling for Detection of
Airborne SARS-CoV-2 in Dehumidifier Condensate. Biotechnol. Bioeng. 2021, 118 (8),
3029-3036. DOI: 10.1002/bit.27812.

(60) Maestre, J. P.; Jarma, D.; Yu, J.-R. F.; et al. Distribution of SARS-CoV-2 RNA Signal in
a Home with COVID-19 Positive Occupants. Sci. Total Environ. 2021, 778, 146201.
DOI: 10.1016/j.scitotenv.2021.146201.

(61) Baboli, Z.; Neisi, N.; Babaei, A. A.; et al. On the Airborne Transmission of SARS-CoV-2
and Relationship with Indoor Conditions at a Hospital. Atmos. Environ. 2021, 261,
118563. DOI: 10.1016/j.atmosenv.2021.118563.

(62) Zhou, L.; Yao, M.; Zhang, X.; et al. Breath-, Air- and Surface-Borne SARS-CoV-2 in
Hospitals. J. Aerosol Sci. 2021, 152, 105693. DOI: 10.1016/j.jaerosci.2020.105693.

(63) Kenarkoohi, A.; Noorimotlagh, Z.; Falahi, S.; et al. Hospital Indoor Air Quality
Monitoring for the Detection of SARS-CoV-2 (COVID-19) Virus. Sci. Total Environ.



Journal Pre-proof

2020, 748, 141324. DOI: 10.1016/j.scitotenv.2020.141324.

(64) Faridi, S.; Niazi, S.; Sadeghi, K.; et al. A Field Indoor Air Measurement of SARS-CoV-2
in the Patient Rooms of the Largest Hospital in Iran. Sci. Total Environ. 2020, 725,
138401. DOI: 10.1016/j.scitotenv.2020.138401.

(65) Hu, J.; Lei, C.; Chen, Z.; et al. Distribution of Airborne SARS-CoV-2 and Possible
Aerosol Transmission in Wuhan Hospitals, China. Natl. Sci. Rev. 2020, 7 (12), 1865—
1867. DOI: 10.1093/nsr/nwaa250.

(66) Xiong, H.; Ye, X.; Li, Y.; et al. Efficient Microfluidic-Based Air Sampling/Monitoring
Platform for Detection of Aerosol SARS-CoV-2 On-Site. Anal. Chem. 2021, 93 (9),
4270-4276. DOI: 10.1021/acs.analchem.0c05154.

(67) Zhang, D.; Zhang, X.; Yang, Y.; et al. SARS-CoV-2 Spillover into Hospital Outdoor
Environments. J. Hazard. Mater. Lett. 2021, 2, 100027. DOI:
10.1016/j.hazl.2021.100027.

(68) Song, Z.-G.; Chen, Y.-M.; Wu, F.; et al. Identifying the Risk of SARS-CoV-2 Infection
and Environmental Monitoring in Airborne Infectious Isolation Rooms (AlIRS). Virol.
Sin. 2020, 35 (6), 785-792. DOI: 10.1007/s12250-020-00301-7.

(69) Lednicky, J. A.; Lauzardo, M.; Fan, Z. H.; et al. Viable SARS-CoV-2 in the Air of a
Hospital Room with COVID-19 Patients. Int. J. Infect. Dis. 2020, 100, 476-482. DOI:
10.1016/j.ijid.2020.09.025.

(70)  Lednicky, J. A.; Shankar, S. N.; Elbadry, M. A.; et al. Collection of SARS-CoV-2 Virus
from the Air of a Clinic within a University Student Health Care Center and Analyses of
the Viral Genomic Sequence. Aerosol Air Qual. Res. 2020, 20 (6), 1167-1171. DOI:
10.4209/aaqr.2020.05.0202.

(71) Rahmani, A. R.; Leili, M.; Azarian, G; et al. Sampling and Detection of Corona Viruses
in Air: A Mini Review. Sci. Total Environ. 2020, 740, 140207. DOI:
10.1016/j.scitotenv.2020.140207.

(72)  Chen, H.; Yao, M. A High-Flow Portable Biological Aerosol Trap (HighBioTrap) for
Rapid Microbial Detection. J. Aerosol Sci. 2018, 117, 212-223. DOI:
10.1016/j.jaerosci.2017.11.012.

(73) Kim, H. R.; An, S.; Hwang, J. Aerosol-to-Hydrosol Sampling and Simultaneous
Enrichment of Airborne Bacteria For Rapid Biosensing. ACS Sens. 2020, 5 (9), 2763—
2771. DOI: 10.1021/acssensors.0c00555.

(74) Jiang, X.; Jing, W.; Sun, X.; et al. High-Throughput Microfluidic Device for LAMP
Analysis of Airborne Bacteria. ACS Sens. 2016, 1 (7), 958-962. DOI:
10.1021/acssensors.6b00282.

(75) Jing, W.; Zhao, W.; Liu, S.; et al. Microfluidic Device for Efficient Airborne Bacteria
Capture and Enrichment. Anal. Chem. 2013, 85 (10), 5255-5262. DOI:
10.1021/ac400590c.

(76)  Choi, J.; Hong, S. C.; Kim, W.; et al. Highly Enriched, Controllable, Continuous Aerosol
Sampling Using Inertial Microfluidics and Its Application to Real-Time Detection of
Airborne Bacteria. ACS Sens. 2017, 2 (4), 513-521. DOI: 10.1021/acssensors.6b00753.

(77)  Choi, J.; Lee, J.; Jung, J. H. Fully Integrated Optofluidic SERS Platform for Real-Time
and Continuous Characterization of Airborne Microorganisms. Biosens. Bioelectron.
2020, 169, 112611. DOI: 10.1016/j.bi0s.2020.112611.

(78)  Ladhani, L.; Pardon, G.; Meeuws, H.; et al. Sampling and Detection of Airborne
Influenza Virus towards Point-of-Care Applications. PLOS ONE 2017, 12 (3), e0174314.



Journal Pre-proof

DOI: 10.1371/journal.pone.0174314.

(79) Hong, S.; Bhardwaj, J.; Han, C.-H.; et al. Gentle Sampling of Submicrometer Airborne
Virus Particles Using a Personal Electrostatic Particle Concentrator. Environ. Sci.
Technol. 2016, 50 (22), 12365-12372. DOI: 10.1021/acs.est.6b03464.

(80) Lee, I.; Seok, Y.; Jung, H.; et al. Integrated Bioaerosol Sampling/Monitoring Platform:
Field-Deployable and Rapid Detection of Airborne Viruses. ACS Sens. 2020, 5 (12),
3915-3922. DOI: 10.1021/acssensors.0c01531.

(81) Lee, N.; Wang, C.; Park, J. User-Friendly Point-of-Care Detection of Influenza A (H1N1)
Virus Using Light Guide in Three-Dimensional Photonic Crystal. RSC Adv. 2018, 8 (41),
22991-22997. DOI: 10.1039/C8RA02596G.

(82) Usachev, E. V.; Agranovski, E.; Usacheva, O. V.; et al. Multiplexed Surface Plasmon
Resonance Based Real Time Viral Aerosol Detection. J. Aerosol Sci. 2015, 90, 136-143.
DOI: 10.1016/j.jaerosci.2015.08.0009.

(83)  Agranovski, I. E.; Usachev, E. V. In-Situ Rapid Bioaeroscl Detection in the Ambient Air
by Miniature Multiplex PCR Utilizing Technique. Atmos. Environ. 2021, 246, 118147.
DOI: 10.1016/j.atmosenv.2020.118147.

(84) Pardon, G.; Ladhani, L.; Sandstrém, N.; et al. Aerosol Sampling Using an Electrostatic
Precipitator Integrated with a Microfluidic Interface. Sens. Actuat. B Chem. 2015, 212,
344-352. DOI: 10.1016/j.snb.2015.02.008.

(85) Chung, S.; Breshears, L. E.; Gonzales, A.; et al. Norovirus Detection in Water Samples at
the Level of Single Virus Copies per Microliter Using a Smartphone-Based Fluorescence
Microscope. Nat. Protoc. 2021, 16 (3), 1452-1475. DOI: 10.1038/s41596-020-00460-7.

(86) Chung, S.; Breshears, L. E.; Perea, S.; et al. Smartphone-Based Paper Microfluidic
Particulometry of Norovirus from Environmental Water Samples at the Single Copy
Level. ACS Omega 2019, 4 (6), 11180-11188. DOI: 10.1021/acsomega.9b00772.

(87) Chandler, C. M.; Bourassa, L.; Mathias, P. C.; et al. Estimating the False-Positive Rate of
Highly Automated SARS-CoV-2 Nucleic Acid Amplification Testing. J. Clin. Microbiol.
2021 59 (8), e01080-21. DOI: 10.1128/JCM.01080-21.

(88) Su, X.; Sutarlie, L.; Loh, X. J. Sensors and Analytical Technologies for Air Quality:
Particulate Matters and Bioaerosols. Chem. — Asian J. 2020, 15 (24), 4241-4255. DOI:
10.1002/asia.202001051.

(89) Qiu, G.; Gai, Z.; Tao, Y.; et al. Dual-Functional Plasmonic Photothermal Biosensors for
Highly Accurate Severe Acute Respiratory Syndrome Coronavirus 2 Detection. ACS
Nano 2020, 14 (5), 5268-5277. DOI: 10.1021/acsnano.0c02439.



